Introduction {#Sec1}
============

In the pursuit of new physics at the CERN LHC, many scenarios have been proposed in which production of particles that leave no trace in collider detectors is accompanied also by production of a standard model (SM) particle, which balances the transverse momentum in an event. The final state considered in this analysis is the production of a pair of leptons ($\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}} ^\text {miss} $$\end{document}$). This final state is well-suited to probe such beyond the SM (BSM) scenarios, as it has relatively small and precisely known SM backgrounds.

One of the most significant puzzles in modern physics is the nature of dark matter (DM). In the culmination of over a century of observations, the "$\documentclass[12pt]{minimal}
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                \begin{document}$${\varLambda }_{\mathrm {CDM}}$$\end{document}$" standard model of cosmology has established that, in the total cosmic energy budget, known matter only accounts for about 5%, DM corresponds to 27%, and the rest is dark energy \[[@CR1]\]. Although several astrophysical observations indicate that DM exists and interacts gravitationally with known matter, there is no evidence yet for nongravitational interactions between DM and SM particles. While the nature of DM remains a mystery, there are a number of models that predict a particle physics origin. If DM particles exist, they can possibly be produced directly from, annihilate into, or scatter off SM particles. Recent DM searches have exploited various methods including direct \[[@CR2]\] and indirect \[[@CR3]\] detection. If DM can be observed in direct detection experiments, it must have substantial couplings to quarks and/or gluons, and could also be produced at the LHC \[[@CR4]--[@CR9]\].

A promising possibility is that DM may take the form of weakly interacting massive particles. The study presented here considers one possible mechanism for producing such particles at the LHC \[[@CR10]\]. In this scenario, a $\documentclass[12pt]{minimal}
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                \begin{document}$$\text{ Z } $$\end{document}$ boson, produced in proton-proton (pp) collisions, recoils against a pair of DM particles, $\documentclass[12pt]{minimal}
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                \begin{document}$$\text{ Z } $$\end{document}$ boson subsequently decays into two charged leptons, producing a low-background dilepton signature, together with $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}} ^\text {miss} $$\end{document}$ due to the undetected DM particles. In this analysis, the DM particle $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi $$\end{document}$ is assumed to be a Dirac fermion. Four simplified models of DM production via an *s*-channel mediator exchange are considered. In these models, the mediator has a spin of 1 (0) and vector or axial-vector (scalar or pseudoscalar) couplings to quarks and DM particles. The free parameters of each model are the masses $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\mathrm {DM}$$\end{document}$ of the mediator and DM particle, respectively, as well as the coupling constant $\documentclass[12pt]{minimal}
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                \begin{document}$$g_\mathrm {DM}$$\end{document}$) between the mediator and the quarks (DM particles). The vector coupling model can be described with the following Lagrangian:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\text{ Z } '$$\end{document}$ and the SM quark fields are referred to as $\documentclass[12pt]{minimal}
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                \begin{document}$$\overline{\text{ q }}$$\end{document}$. The Lagrangian for an axial-vector coupling is obtained by making the replacement $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\gamma ^\mu \rightarrow \gamma ^5\gamma ^\mu $$\end{document}$. In the case of a spin-0 mediator $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi $$\end{document}$, the couplings between mediator and quarks are assumed to be Yukawa-like, with $\documentclass[12pt]{minimal}
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                \begin{document}$$g_{\mathrm {q}}$$\end{document}$ acting as a multiplicative modifier for the SM Yukawa coupling $\documentclass[12pt]{minimal}
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                \begin{document}$$v = 246 \,\text {GeV} $$\end{document}$ is the SM Higgs field vacuum expectation value), leading to the Lagrangian:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \mathcal {L}_{\text {scalar}} = g_\mathrm {DM} {\phi }\overline{\chi }\chi + g_{\mathrm {q}} \frac{\phi }{\sqrt{2}}\sum _{\mathrm {q}} y_{\mathrm {q}} \overline{\mathrm {q}}\mathrm {q}. \end{aligned}$$\end{document}$$The Lagrangian with pseudoscalar couplings is obtained by inserting a factor of $\documentclass[12pt]{minimal}
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                \begin{document}$${\bar{\mathrm {q}}} \mathrm {q}\rightarrow i{\bar{\mathrm {q}}}\gamma ^5 \mathrm {q}$$\end{document}$). Example diagrams of DM production via spin-1 and spin-0 mediators are shown in Fig. [1](#Fig1){ref-type="fig"} (upper left and right, respectively).Fig. 1Feynman diagrams illustrative of the processes beyond the SM considered in this paper: (upper left) DM production in a simplified model with a spin-1 mediator $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi $$\end{document}$; (lower left) production of a Higgs boson in association with Z boson with subsequent decay of the Higgs boson into invisible particles; (lower right) unparticle or graviton production. The diagrams were drawn using the [TikZ-Feynman]{.smallcaps} package \[[@CR11]\]

A primary focus of the LHC physics program after the discovery of a Higgs boson (H) \[[@CR12]--[@CR14]\] by the ATLAS and CMS Collaborations is the study of the properties of this new particle. The observation of a sizable branching fraction of the Higgs boson to invisible states \[[@CR15]--[@CR17]\] would be a strong sign of BSM physics. Supersymmetric (SUSY) models embodying R-parity conservation contain a stable neutral lightest SUSY particle (LSP), e.g., the lightest neutralino \[[@CR18]\], leading to the possibility of decays of the Higgs boson into pairs of LSPs. Certain models with extra spatial dimensions predict graviscalars that could mix with the Higgs boson \[[@CR19]\]. As a consequence, the Higgs boson could oscillate to a graviscalar and disappear from the SM brane. The signature would be equivalent to an invisible decay of the Higgs boson. There could also be contributions from Higgs boson decays into graviscalars \[[@CR20]\]. With the same effect as the simplified DM models presented earlier, "Higgs portal" models \[[@CR21]--[@CR23]\] construct a generic connection between SM and DM particles via a Higgs boson mediator. This analysis considers decays into invisible particles of an SM-like Higgs boson produced in association with a $\documentclass[12pt]{minimal}
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                \begin{document}$$\text{ Z } $$\end{document}$ boson, as shown in Fig. [1](#Fig1){ref-type="fig"} (lower left).

Another popular BSM paradigm considered here is the Arkani-Hamed--Dimopoulos--Dvali (ADD) model with large extra spatial dimensions \[[@CR24]--[@CR26]\], which is motivated by the hierarchy problem, i.e., the disparity between the electroweak unification scale ($\documentclass[12pt]{minimal}
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                \begin{document}$$M_\mathrm {Pl} \sim 10^{16}\,\text {TeV} $$\end{document}$). This model predicts graviton ($\documentclass[12pt]{minimal}
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                \begin{document}$$\text{ q } \overline{\text{ q }} \rightarrow \text{ Z } + \text{ G }$$\end{document}$. The graviton escapes detection, leading to a mono-$\documentclass[12pt]{minimal}
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                \begin{document}$$\text{ Z } $$\end{document}$ signature (Fig. [1](#Fig1){ref-type="fig"}, lower right). In the ADD model, the apparent Planck scale in four space-time dimensions is given by $\documentclass[12pt]{minimal}
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                \begin{document}$$M_\mathrm {D}$$\end{document}$ is the true Planck scale of the full *n*+4 dimensional space-time and *R* is the compactification radius of the extra dimensions. Assuming $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_\mathrm {D}$$\end{document}$ is of the same order as $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_\mathrm {EW}$$\end{document}$, the observed large value of $\documentclass[12pt]{minimal}
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                \begin{document}$$M_\mathrm {Pl}$$\end{document}$ points to an *R* of order 1 mm to 1 fm for 2 to 7 extra dimensions. The consequence of the large compactification scale is that the mass spectrum of the Kaluza--Klein graviton states becomes nearly continuous, resulting in a broad $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$) spectrum.

The final BSM model considered in this analysis is the phenomenologically interesting concept of unparticles, which appear in the low-energy limit of conformal field theories. In the high-energy regime, a new, scale invariant Banks--Zaks field with a nontrivial infrared fixed point is introduced \[[@CR27]\]. The interaction between the SM and Banks--Zaks sectors is mediated by particles of large mass scale $\documentclass[12pt]{minimal}
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                \begin{document}$$M_{\textsf {U}}$$\end{document}$, below which the interaction is suppressed and can be treated via an effective field theory (EFT). The low-energy regime will include unparticles, which have phase space factors equivalent to those of a noninteger number of ordinary particles \[[@CR28]--[@CR30]\]. In this analysis, the emission of spin-0 unparticles from SM quarks is considered. Because of the weakness of the unparticle interactions with the SM fields, the unparticle evades detection. The EFT Lagrangian used to interpret the results is defined as follows:$$\documentclass[12pt]{minimal}
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                \begin{document}$$d_{\textsf {U}}$$\end{document}$ is the characteristic scaling dimension of the theory. The unparticle operator is denoted as $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal {O}_{\textsf {U}}$$\end{document}$. A representative Feynman diagram of the interaction is shown in Fig. [1](#Fig1){ref-type="fig"} (lower right).

The search described in this paper is based on a data set recorded with the CMS detector in 2016, which corresponds to an integrated luminosity of $\documentclass[12pt]{minimal}
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The paper is organized as follows: after a brief review of previous work in Sect. [2](#Sec2){ref-type="sec"}, followed by a description of the CMS detector in Sect. [3](#Sec3){ref-type="sec"}, we discuss the background composition in Sect. [4](#Sec4){ref-type="sec"}. Simulated samples are reviewed in Sect. [5](#Sec5){ref-type="sec"}, followed by the event reconstruction and event selection description in Sects. [6](#Sec6){ref-type="sec"} and [7](#Sec7){ref-type="sec"}, respectively. The details of the background estimation are given in Sect. [8](#Sec8){ref-type="sec"}. The multivariate analysis of invisible Higgs boson decays is summarized in Sect. [9](#Sec15){ref-type="sec"}, followed by the discussion of selection efficiencies and systematic uncertainties in Sect. [10](#Sec16){ref-type="sec"}. The results are given in Sect. [11](#Sec17){ref-type="sec"}, and Sect. [12](#Sec22){ref-type="sec"} summarizes the paper.

Review of previous work {#Sec2}
=======================

A search by the CMS Collaboration in the same topology using an earlier data set corresponding to an integrated luminosity of 2.3$\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}=13\,\text {TeV} $$\end{document}$ found no evidence for BSM physics \[[@CR31]\]. In addition to the order of magnitude increase in the integrated luminosity, significant differences with respect to the previous analysis include: new techniques for estimating irreducible backgrounds, which were not viable with the previous data set; improvements in the event selection; and a broader range of BSM models probed.

In the previous CMS result \[[@CR31]\], under the same simplified model assumptions as used in this paper, DM mediator masses of up to 290 (300)$\documentclass[12pt]{minimal}
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                \begin{document}$$g_\mathrm {DM}=1.0$$\end{document}$. Here and in what follows all limits are given at 95% confidence level (CL), unless explicitly specified otherwise. Similar DM models have been also probed in the $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s} = 13\,\text {TeV} $$\end{document}$ by the ATLAS Collaboration, excluding mediators with vector (axial-vector) couplings up to masses of 1.2 (1.25) $\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {TeV}$$\end{document}$. The most stringent limits on DM production in this context were obtained in a CMS analysis of events with a jets+$\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}} ^\text {miss}$$\end{document}$ topology performed on a subset of the present data set, corresponding to an integrated luminosity of 12.9$\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {fb}^{-1}$$\end{document}$  \[[@CR34]\]. In that analysis, mediator masses of up to 1.95$\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {TeV}$$\end{document}$ were excluded for both vector and axial-vector couplings. In the case of a scalar mediator coupled only to quarks and DM particles with $\documentclass[12pt]{minimal}
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                \begin{document}$$g_{\mathrm {q}} = g_\mathrm {DM} = 1$$\end{document}$, no exclusion was set. For the pseudoscalar mediator, under the same assumptions, masses below 430$\documentclass[12pt]{minimal}
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Invisible decays of the SM Higgs boson---hereafter H(inv.)---have been targeted by both ATLAS and CMS. These searches used both the Z+$\documentclass[12pt]{minimal}
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Real emission of gravitons in the ADD scenario has been most recently probed in the jet+$\documentclass[12pt]{minimal}
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The CMS detector {#Sec3}
================

The central feature of the CMS apparatus is a superconducting solenoid of 6$\documentclass[12pt]{minimal}
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Events of interest are selected using a two-tiered trigger system \[[@CR40]\]. The first level, composed of custom hardware processors, uses information from the calorimeters and muon detectors to select events at a rate of around 100$\documentclass[12pt]{minimal}
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A more detailed description of the CMS detector, together with a definition of the coordinate system used and the relevant kinematic variables, can be found in Ref. \[[@CR41]\].

Background composition {#Sec4}
======================

Several SM processes can produce the dilepton+$\documentclass[12pt]{minimal}
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Simulation {#Sec5}
==========

Simulated Monte Carlo (MC) samples are used to estimate backgrounds, to validate the background estimation techniques using control samples in data, to calculate signal efficiency, and to optimize the analysis.
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Samples of DM particle production in the simplified model framework are generated using [DmSimp]{.smallcaps} \[[@CR48]--[@CR50]\] interfaced with [MadGraph]{.smallcaps} 5_a[mc\@nlo]{.smallcaps} v2.4.3. Samples are generated over a range of values for the masses $\documentclass[12pt]{minimal}
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Events for the ADD scenario of large extra dimensions and for the unparticle model are generated at leading order (LO) using an EFT implementation in [pythia]{.smallcaps} 8.205  \[[@CR52]--[@CR54]\]. In the ADD case, event samples are produced for $\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda $$\end{document}$ modify the cross sections of the signal prediction, but not its kinematic distributions \[[@CR54]\], a simple rescaling of cross sections is performed to obtain signal predictions for alternative values of these parameters. No truncation is performed for the unparticle signal so that the results can be compared with those of previous searches.

In all cases, [pythia]{.smallcaps} versions 8.205 or higher is used for parton showering, hadronization, and the underlying event simulation, using tune CUETP8M1 \[[@CR55]\]. The merging of jets from matrix element calculations and parton shower descriptions is done using the MLM \[[@CR56]\] (FxFx \[[@CR57]\]) scheme for LO (NLO) samples. The NNPDF3.0 \[[@CR58]\] parton distribution function (PDF) set is used, with the order corresponding to the one used for the signal or background simulation.

For all MC samples, the detector response is simulated using a detailed description of the CMS detector, based on the $\documentclass[12pt]{minimal}
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                \begin{document}$${\textsc {Geant4}} $$\end{document}$ package \[[@CR59]\]. Minimum bias events are superimposed on the simulated events to emulate the additional pp interactions per bunch crossing (pileup). All MC samples are corrected to reproduce the pileup distribution as measured in the data. The average number of pileup events per bunch crossing is approximately 23 in the data sample analyzed.

Event reconstruction {#Sec6}
====================

In this analysis, the particle-flow (PF) event reconstruction algorithm \[[@CR60]\] is used. The PF algorithm is designed to leverage information from all CMS detector components to reconstruct and identify individual particles, namely: electrons, muons, photons, and charged and neutral hadrons. The reconstructed vertex with the largest value of summed physics-object $\documentclass[12pt]{minimal}
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Electron candidates are reconstructed using an algorithm that combines information from the ECAL, HCAL, and the tracker \[[@CR63]\]. To reduce the electron misidentification rate, electron candidates are subjected to additional identification criteria, which are based on the distribution of the electromagnetic shower in the ECAL, the relative amount of energy deposited in the HCAL in the cluster, a matching of the trajectory of an electron track with the cluster in the ECAL, and its consistency with originating from the selected primary vertex. Candidates that are identified as originating from photon conversions in the detector material are removed.

Muon candidate reconstruction is based on two main algorithms: in the first, tracks in the silicon tracker are matched to track stubs (or segments) reconstructed in the muon detectors; in the second algorithm, a combined fit is performed to signals in both the silicon tracker and the muon system \[[@CR64]\]. The two resulting collections are merged, with the momentum measurement of the latter algorithm taking precedence. To reduce the muon misidentification rate, further identification criteria are applied on the basis of the number of measurements in the tracker and in the muon system, the quality of the muon track fit, and its consistency with the selected primary vertex location.

Leptons produced in the decay of $\documentclass[12pt]{minimal}
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                \begin{document}$${\varDelta }\eta $$\end{document}$ are, respectively, the differences in the azimuthal angle (measured in radians) and in the pseudorapidity between the lepton and the PF candidate. The contribution to the isolation from the lepton candidate itself is removed. For muons, the isolation sum is required to be smaller than 15% of the muon $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} $$\end{document}$. In order to mitigate the dependence of the isolation variable on the number of pileup interactions, charged hadrons are included in the sum only if they are consistent with originating from the selected primary vertex of the event. To correct for the contribution to the isolation sum of neutral hadrons and photons from pileup interactions, different strategies are adopted for electrons and muons. For electrons, a median energy density ($\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}} $$\end{document}$ of the charged-hadron candidates in the cone of interest, which are not associated with the primary vertex. The factor of one half corresponds to the average ratio of neutral to charged particles in pileup interactions.

Jets are constructed from PF candidates using the anti-$\documentclass[12pt]{minimal}
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                \begin{document}$$R = 0.4$$\end{document}$, as implemented in the [fastjet]{.smallcaps} package \[[@CR62], [@CR66]\]. The jet momentum is defined as the vectorial sum of all PF candidate momenta assigned to the jet, and is found in the simulation to be within 5 to 10% of the true momentum over the entire $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ range and detector acceptance used in this analysis. An overall energy subtraction is applied to correct for the extra energy clustered in jets due to pileup interactions, following the procedure in Refs. \[[@CR65], [@CR67]\]. Corrections to the jet energy scale and resolution are derived from measurements both in simulation and in data of the energy balance in dijet, multijet, $\documentclass[12pt]{minimal}
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The missing transverse momentum vector, $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}} ^\text {miss} $$\end{document}$ arising from specific well-understood issues with the detector components or event reconstruction \[[@CR70]\]. Jet energy corrections are propagated to the missing transverse momentum by adjusting the momentum of the PF candidate constituents of each reconstructed jet.

For the purpose of rejecting events involving top quark production, jets originating from b quark fragmentation (b jets) are identified by "b tagging." The b tagging technique employed is based on the "combined secondary vertex" CSVv2 algorithm \[[@CR71], [@CR72]\]. The algorithm is calibrated to provide, on average, 80% efficiency for tagging jets originating from b quarks, and 10% probability of light-flavor jet misidentification.

For the purpose of rejecting events containing $\documentclass[12pt]{minimal}
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Event selection {#Sec7}
===============

Events with electrons (muons) are collected using dielectron (dimuon) triggers, with the thresholds of $\documentclass[12pt]{minimal}
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There are two types of analyses performed in this paper. The main analysis method is based on fitting the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} ^\text {miss}$$\end{document}$ spectrum in data after applying the above selection criteria defining the signal region (SR). For the specific interpretation of this analysis involving invisible decays of the SM (125$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\text {GeV}$$\end{document}$) Higgs boson, a multivariate boosted decision tree (BDT) classifier is employed to increase the sensitivity of the analysis. We use the following set of twelve variables to train a multiclass BDT classifier:$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\left| m_{\ell \ell }-m_{\text{ Z }}\right| $$\end{document}$ (dilepton mass);$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} ^{\ell 1}$$\end{document}$ (leading lepton transverse momentum);$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} ^{\ell 2}$$\end{document}$ (subleading lepton transverse momentum);$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} ^{\, \ell \ell }$$\end{document}$ (dilepton transverse momentum);$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$| \eta ^{\ell 1} |$$\end{document}$ (leading lepton pseudorapidity);$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$| \eta ^{\ell 2} |$$\end{document}$ (subleading lepton pseudorapidity);$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} ^\text {miss} $$\end{document}$ (missing transverse momentum);$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{T}(p_{\mathrm {T}} ^{\ell 1}, $$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} ^\text {miss}$$\end{document}$) (leading lepton transverse mass);$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{T}(p_{\mathrm {T}} ^{\ell 2}, $$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} ^\text {miss}$$\end{document}$) (subleading lepton transverse mass);$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\varDelta }\phi ({\vec p}_{\mathrm {T}} ^{\, \ell \ell },{\vec p}_{\mathrm {T}}^{\text {miss}})$$\end{document}$ (azimuthal separation between dilepton and missing momentum);$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\varDelta }R_{\ell \ell }$$\end{document}$ (separation between leptons); and$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$| \cos \theta ^\mathrm{CS}_{\ell 1} |$$\end{document}$ (cosine of the polar angle in the Collins--Soper frame \[[@CR75]\] for the leading lepton).Several classes of event samples are considered for the multiclass BDT: ZH(inv.) signal; ZZ; WZ; DY; and flavor-symmetric or nonresonant backgrounds. A BDT is trained targeting each class, and the final discriminator is taken to be the likelihood assigned to ZH(inv.) production, normalized to the sum of the likelihoods of all processes. The SR selection for the BDT analysis is slightly altered from that of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} ^\text {miss} $$\end{document}$-based analysis: the dilepton mass requirement is relaxed to be within $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$30\,\text {GeV} $$\end{document}$ of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text{ Z } $$\end{document}$ boson mass, and the selections on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\varDelta }\phi ({\vec p}_{\mathrm {T}} ^{\, \ell \ell },{\vec p}_{\mathrm {T}}^{\text {miss}})$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|p_{\mathrm {T}} ^\text {miss}-p_{\mathrm {T}} ^{\, \ell \ell }|/p_{\mathrm {T}} ^{\, \ell \ell }$$\end{document}$, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\varDelta }R_{\ell \ell }$$\end{document}$ are omitted. The selection for training the BDT additionally requires the missing transverse momentum to be greater than $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$130\,\text {GeV} $$\end{document}$, where differentiating between the diboson background and signal is most challenging. The BDT performance in the untrained region of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$100\le p_{\mathrm {T}} ^\text {miss} \le 130\,\text {GeV} $$\end{document}$ is found to be adequate, whereas a BDT trained on event samples including this region was found to have significantly degraded performance in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} ^\text {miss} >130\,\text {GeV} $$\end{document}$ region.

A summary of the selection criteria for the SR of both the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} ^\text {miss}$$\end{document}$-based analysis and the BDT analysis is given in Table [1](#Tab1){ref-type="table"}.Table 1Summary of the kinematic selections for the signal region of both the the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} ^\text {miss} $$\end{document}$-based analysis and the BDT analysis. Where the selections for the two analyses differ, the BDT requirement is given in parenthesesSelectionRequirementReject$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$N_{\ell }$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${=}2$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {W}\text{ Z } $$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {V}\mathrm {V}\mathrm {V}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} ^{\ell }$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${>}25/20\,\text {GeV} $$\end{document}$ for electronsQCD$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${>}20\,\text {GeV} $$\end{document}$ for muons$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text{ Z } $$\end{document}$ boson mass requirement$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\left| m_{\ell \ell }-m_{\text{ Z }}\right| < 15\ (30)\,\text {GeV} $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {W}\mathrm {W}$$\end{document}$, top quarkJet counting$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\le }1$$\end{document}$ jet with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} ^{\, j} > 30\,\text {GeV} $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text{ Z }/\gamma ^*\rightarrow \ell \ell $$\end{document}$, top quark, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {V}\mathrm {V}\mathrm {V}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} ^{\, \ell \ell }$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${>}60\,\text {GeV} $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text{ Z }/\gamma ^*\rightarrow \ell \ell $$\end{document}$b tagging vetoCSVv2 \< 0.8484Top quark, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {V}\mathrm {V}\mathrm {V}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tau $$\end{document}$ lepton veto0 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tau _\mathrm{h}$$\end{document}$ cand. with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} ^{\tau }>18\,\text {GeV} $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {W}\text{ Z } $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} ^\text {miss} $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${>}100\,\text {GeV} $$\end{document}$ ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$130\,\text {GeV} $$\end{document}$, training only)$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text{ Z }/\gamma ^*\rightarrow \ell \ell $$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {W}\mathrm {W}$$\end{document}$, top quark$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\varDelta }\phi ({\vec p}_{\mathrm {T}} ^{\, j},{\vec p}_{\mathrm {T}}^{\text {miss}})$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${>}0.5\text {\,rad} $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text{ Z }/\gamma ^*\rightarrow \ell \ell $$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {W}\text{ Z } $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\varDelta }\phi ({\vec p}_{\mathrm {T}} ^{\, \ell \ell },{\vec p}_{\mathrm {T}}^{\text {miss}})$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${>}2.6\text {\,rad} $$\end{document}$ (omitted)$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text{ Z }/\gamma ^*\rightarrow \ell \ell $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|p_{\mathrm {T}} ^\text {miss}-p_{\mathrm {T}} ^{\, \ell \ell }|/p_{\mathrm {T}} ^{\, \ell \ell }$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${<}0.4$$\end{document}$ (omitted)$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text{ Z }/\gamma ^*\rightarrow \ell \ell $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\varDelta }R_{\ell \ell }$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${<}1.8$$\end{document}$ (omitted)$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {W}\mathrm {W}$$\end{document}$, top quark

Background estimation {#Sec8}
=====================

Background contributions are estimated using combined information from simulation and control regions (CRs) in data. The normalizations of the dominant background processes are constrained by using a simultaneous maximum likelihood fit to the SR, as well as to the CRs that are described in this section. The contributions of minor backgrounds in both SR and CRs are predicted from simulation.

Diboson background {#Sec9}
------------------
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The ability of the simulation to correctly model the lost-boson rapidity is important, as the SR rapidity acceptance of the lost boson is necessarily larger than the rapidity acceptance of the proxy boson in each CR, due to the fact that the visible decay products of the proxy boson in the CR must be inside the detector acceptance. The impact of possible data-to-simulation discrepancies in the high-rapidity portion of diboson background in the SR is suppressed by the fact that, as measured in simulation, the majority of the $\documentclass[12pt]{minimal}
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### The WZ control region {#Sec10}
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### The ZZ control region {#Sec11}

The $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text{ Z } \text{ Z } $$\end{document}$ control region is formed from events with four well-reconstructed charged leptons. In addition to a signal-like $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text{ Z } $$\end{document}$ boson candidate, a second $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text{ Z } $$\end{document}$ boson candidate is required, the constituents of which only need to pass relaxed lepton quality requirements. This choice reflects the very high purity of the four-lepton selection. For both candidates, the same $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text{ Z } $$\end{document}$ boson mass constraint as in the SR is applied. Backgrounds, dominated by triboson processes, are almost negligible in this CR and are taken from simulation.

Similar to the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {W}\text{ Z } $$\end{document}$ case, the emulated $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} ^\text {miss} $$\end{document}$ is calculated as the vectorial sum of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\vec p}_{\mathrm {T}}^{\text {miss}} $$\end{document}$ and the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\vec p}_{\mathrm {T}} $$\end{document}$ of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text{ Z } $$\end{document}$ boson with the larger mass difference to the nominal value of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\text{ Z }}$$\end{document}$ of the two identified in the event. The choice of which $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text{ Z } $$\end{document}$ boson to use as a proxy for an invisibly decaying one does not significantly alter the emulated $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} ^\text {miss} $$\end{document}$ spectrum. In this CR, the rapidity of the proxy boson is observable, for which good agreement between data and simulation is found.

The same selection as in the SR is then applied using the emulated $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} ^\text {miss} $$\end{document}$ in place of the reconstructed $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} ^\text {miss} $$\end{document}$, with the exception of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tau $$\end{document}$ lepton and b jet vetoes. The resulting emulated $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} ^\text {miss} $$\end{document}$ spectrum is shown in Fig. [2](#Fig2){ref-type="fig"} (upper right).

### The VV ratio constraints {#Sec12}
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Nonresonant backgrounds {#Sec13}
-----------------------

The contribution of the nonresonant flavor-symmetric backgrounds is estimated from a CR based on events with two leptons of different flavor ($\documentclass[12pt]{minimal}
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The Drell--Yan background {#Sec14}
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The DY background is dominant in the region of low $\documentclass[12pt]{minimal}
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Multivariate analysis {#Sec15}
=====================

For the specific interpretation of this analysis involving invisible decays of the SM (125$\documentclass[12pt]{minimal}
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The multivariate classifier improves the sensitivity of the analysis to the SM H(inv.) model by 10% compared to the $\documentclass[12pt]{minimal}
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Efficiencies and systematic uncertainties {#Sec16}
=========================================

The efficiency for all backgrounds is estimated using simulation. The uncertainties in the yields from missing higher-order corrections in signal as well as $\documentclass[12pt]{minimal}
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For the Higgs boson signal, the PDF and $\documentclass[12pt]{minimal}
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The efficiencies for triggering on, reconstructing, and identifying isolated leptons are obtained from simulation, and corrected with scale factors determined via a "tag-and-probe" technique \[[@CR84]\] applied to $\documentclass[12pt]{minimal}
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In order to reproduce b tagging efficiencies and light-flavor jet mistag rates observed in data, an event-by-event reweighting using data-to-simulation scale factors \[[@CR72]\] is applied to simulated events. The uncertainty associated with this procedure is obtained by varying the event-by-event weight by $\documentclass[12pt]{minimal}
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The impacts of the jet energy scale and resolution uncertainties are estimated by shifting reconstructed jet energies in simulation by $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\pm }1$$\end{document}$ s.d., and each is found to have an effect of about 2% on the yields of the simulated processes after all selections are applied. The impacts of the electron and muon energy scales are evaluated in the same manner, and have a similar effect. Uncertainties in the $\documentclass[12pt]{minimal}
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The uncertainty in the expected yields due to the finite size of the MC samples is considered, and is around 1% for the signal and main backgrounds. The simulated MC samples are reweighted to reproduce the pileup conditions observed in data. The uncertainty related to this procedure is obtained by varying the central value of the estimated inelastic cross section by 5% \[[@CR85]\], and is found to be below 1%. The uncertainty assigned to the integrated luminosity measurement is 2.5% \[[@CR86]\].

The effect of the systematic uncertainties on the shape of the distribution of the discriminating variable ($\documentclass[12pt]{minimal}
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In addition to all of the sources of systematic uncertainty in the $\documentclass[12pt]{minimal}
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All these sources of uncertainty are summarized in Table [2](#Tab2){ref-type="table"}. The combined uncertainty in the signal efficiency and acceptance is estimated to be about 5% and is dominated by the theoretical uncertainty due to missing higher-order corrections and PDF uncertainties. The total uncertainty in the background estimations in the signal region is about 15%, dominated by the theoretical uncertainties in the $\documentclass[12pt]{minimal}
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Upper limits are derived for the Higgs boson production cross section using the same $\documentclass[12pt]{minimal}
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Summary {#Sec22}
=======

A search for new physics in events with a leptonically decaying $\documentclass[12pt]{minimal}
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                \begin{document}$$\text{ Z } $$\end{document}$ boson and large missing transverse momentum has been presented. The search is based on a data set of proton-proton collisions collected with the CMS experiment in 2016, corresponding to an integrated luminosity of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s} = 13\,\text {TeV} $$\end{document}$. No evidence for physics beyond the standard model is found. Compared to the previous search in the same final state \[[@CR31]\], the exclusion limits on dark matter and mediator masses are significantly extended for spin-1 mediators in the simplified model interpretation, and exclusion limits for unparticles are also extended. Results for dark matter production via spin-0 mediators in the simplified model interpretation, as well as graviton emission in a model with large extra dimensions, are presented in this final state for the first time. In the case of invisible decays of a standard-model-like Higgs boson, the upper limit of 40% on their branching fraction is set at 95% confidence level, using data not included in the previously published combined analysis \[[@CR36]\].
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